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Influenza A and B viruses do not form reassortants with each other, presumably due to selection at either the RNA or
protein level. Although differences in the promoter sequences of type A and B viruses have been studied, selection at the
protein level has not been addressed. In this paper we describe experiments to determine whether differences in structure
and/or function of the neuraminidase (NA) protein preclude formation of A/B NA reassortants. Influenza type A (N9) NA or
B/Lee/40 NA expressed from plasmids can support multicycle growth of a NA-deficient type A virus (NWS-Mvi), indicating
that their function in tissue culture is similar. To determine whether the type A or B NA supplied in trans can be incorporated
into the virion of NWS-Mvi, the virus grown in NA-expressing cells was purified by sucrose gradient centrifugation. In each
case there was a peak of NA activity coincident with the virus peak, indicating that some NA protein is packaged into the
virion. The experiments suggest that, in spite of large sequence differences, the functions of the head, stalk, signal-anchor,
and cytoplasmic domains of type A and B NAs are similar in tissue culture. Thus, lack of formation of A/B NA reassortant
viruses is not due to restriction at the protein level. © 1999 Academic Press
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The genome of influenza viruses, types A and B, con-
ists of eight single-stranded RNA segments of negative
olarity, and the complement of each segment codes for
specific viral protein. Hemagglutinin (HA) and neur-
minidase (NA) are the two surface glycoproteins of
nfluenza viruses. In influenza A viruses there are 9
ubtypes of NA (N1–N9) and 15 subtypes of HA (H1–
15). Reassortment of genes, originally called recombi-
ation, is facilitated by the segmented nature of the
enome. Following coinfection, reassortment of genes
as been shown to occur between viruses belonging to
he same type (reviewed in Smith and Palese, 1989) but
ot between type A and B viruses.
The terminal sequences of the vRNAs are conserved
n all segments within the same virus type, but differ
etween type A and B viruses, and these termini were
roposed to contain sequences important for virus rep-
ication (Desselberger et al., 1980). Development of a
everse genetics system enabled manipulation of the
nfluenza genome for the first time and allowed some
nsights into the complexities of the replication process
Luytjes et al., 1989), specifically in determining regions
f vRNAs critical for replication. Using the reverse genet-
cs system, the terminal regions of influenza A vRNAs
1 To whom correspondence and reprint requests should be ad-
ressed at Department of Biochemistry and Molecular Biology, Univer-
ity of Oklahoma Health Sciences Center, P.O. Box 26901, OklahomaAity, OK 73190. Fax: 405 271 3205. E-mail: Gillian-air@ouhsc.edu.
265ere shown to harbor signals for RNA replication, tran-
cription, and packaging (Luytjes et al., 1989) which were
ifferent in influenza B vRNAs (Barclay and Palese, 1995).
o determine whether the influenza type A polymerase
an recognize a type B promoter, constructs were made
arboring the 59- and 39-terminal noncoding sequences
rom the flu B nonstructural (NS) gene with the coding
equence of a reporter gene, chloramphenicol acetyl-
ransferase (CAT). This transcript was reconstituted in
itro with nucleoprotein (NP) and polymerase (pol) com-
lex and then transfected into influenza A virus-infected
ells. A low level of CAT activity was detected, indicating
hat the flu type A polymerase can bind the type B
romoter and initiate transcription, albeit inefficiently
Muster et al., 1991).
Various attempts have been made to make A/B reas-
ortants by reverse genetics. When type B NA promoter
equences were incorporated in a type A NA construct
nd transfected into cells infected with influenza A virus,
here was no rescue. However, this apparent restriction
as overcome when type B NS promoter sequences
ere used (Muster et al., 1991). Our attempts to rescue a
ype B NA containing the terminal noncoding sequences
rom a type A NA were unsuccessful, suggesting that the
estriction on formation of A/B NA reassortants was not
olely due to incorrect transcription and replication sig-
als.
In this paper we address the question of whether lack
f formation of reassortant type A virus with type B NA is
ue to structural or functional differences between typeand B NA proteins. There is about 80% amino acid
0042-6822/99 $30.00
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266 GHATE AND AIRequence difference between type A and B NAs, yet the
ctive-site residues are spatially as well as chemically
onserved (Bossart-Whitaker et al., 1993), and there is an
verall conservation of the structure of the two NAs. We
ave previously isolated a NA-deficient virus, NWS-Mvi
H1N2) (Liu and Air, 1993), which requires exogenous NA
or multicycle growth in cells. We describe experiments
o determine whether G70c (N9) NA supplied in trans can
omplement growth of NWS-Mvi in tissue culture and
hether this NA can be incorporated into the virion. We
valuated whether a flu type B NA, or A/B chimeric NA
ith exchanged domains, supplied in trans can also
upport growth of NWS-Mvi to determine whether the
FIG. 1. Construction of N9/B NA chimeras. Primers harboring HindIII
rimers 1 and 2 were used to amplify the 59 untranslated region (UTR)
nchor, and stalk of N9 NA. Primers 4 and 5 were used to amplify the 3
hese PCR fragments were digested with HindIII and ligated together a
nd SalI sites. The head region of B/Lee/40 NA was inserted at the Hin
r N9(a)/B(s 1 h) and N9(anchor 1 stalk)/B(head) or N9(a 1 s)/B(h).nability to rescue a type B NA in an influenza A virus is mue to differences in the structure, function, or packaging
f the two types of NA proteins.
RESULTS
xpression of NA-pCAGGS/MCS clones
Transient expression of N9 NA, B/Lee/40 NA, and
9/B chimeric NAs (construction described in Fig. 1) was
ested in MDCK cells by NA activity assay at 20 h post-
ransfection. A representative experiment is shown in
ig. 2A. The enzymatic activities of N9 NA, B/Lee/40 NA,
nd N9/B chimeric NAs were similar. NA-expressing
ells were analyzed by flow cytometry (Fig. 2B) using
H) were used to amplify specific regions of G70c mRNA as indicated.
hor of N9 NA, while primers 1 and 3 were used to amplify the 59 UTR,
f N9 NA including the extra nucleotides retained in NWS-Mvi viruses.
ndIII site. They were then cloned into pUC19 (del HindIII) at the BamHI
. The final constructs obtained are called N9(anchor)/B(stalk 1 head)sites (
and anc
9 UTR o
t the Hi
dIII siteonoclonal antibodies that bind native NA. The number
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267INTERCHANGEABLE INFLUENZA TYPE A AND B NEURAMINIDASESf cells showing positive fluorescence was similar for N9
A, B/Lee/40 NA, and the N9/B NA chimeras indicating
imilar transfection efficiencies. The monoclonal anti-
odies used for detection of folded NA showed that the
urface NA protein per cell was within a twofold range
or all the constructs. To determine stability of the ex-
ressed NA, enzyme activity of NA was monitored up to
0 h posttransfection by enzyme assays. As shown in
ig. 3, expression of N9 NA and B/Lee/40 NA was opti-
al at 24 h posttransfection, with the activity of B/Lee/40
A reducing to approximately 50% at about 48 h post-
ransfection. The activity of N9(a 1 s)/B(h) NA was re-
uced with time, but adding the stalk of B in N9(a)/B(s 1
) NA increased NA stability.
9 NA supplied in trans supports growth of NWS-Mvi
irus
To determine whether cells expressing N9 NA can
upport growth of NWS-Mvi virus, we did the following
omplementation experiment. MDCK cells were trans-
ected with N9 NA-pCAGGS/MCS. At about 20 h post-
ransfection the expression of N9 NA was confirmed by
nzyme activity assay, and then the MDCK cells were
nfected with NWS-Mvi at a low multiplicity of infection
m.o.i. 5 0.01 particles/cell). Virus growth was followed
y the development of cytopathic effects (cpe) up to 3
ays postinfection. Where virus did not grow there was
ome cpe, reflecting a single round of virus replication,
ut no cell detachment or lysis. Figure 4 shows growth of
WS-Mvi at 72 h postinfection. NWS-Mvi did not undergo
ulticycle growth in cells when there was no NA present
Fig. 4a). There was multicycle growth of virus in cells
hen NA was provided, either as bacterial (Micromono-
pora viridifaciens, Mvi) NA in the medium (Fig. 4b) or as
ell-expressed N9 NA (Fig. 4c). Thus, not only Mvi NA,
ut also the cell-expressed N9 NA can support multi-
ycle growth of NWS-Mvi virus.
To confirm growth of the virus in cells expressing N9
A, we carried out HA titrations on the cell medium at
ifferent times postinfection (Table 1). HA titers ,2
ndicate no virus growth. The virus did not grow in the
bsence of NA. An increase in HA titer with time was
bserved in N9 NA-expressing cells confirming multi-
ycle growth of NWS-Mvi. There was no virus growth
n the presence of antiserum that inhibits activity of
70c NA, confirming that the N9 NA activity is sup-
orting the multicycle replication of NWS-Mvi. Since
he virus carries no genetic information for the N9 NA,
he observation of multicycle growth is due to progeny
iruses infecting new N9 NA-expressing cells. When
he progeny virus was passaged on fresh MDCK cells
here was no growth unless exogenous NA was pro-
ided, confirming that the progeny virus was genotyp-cally NWS-Mvi. oan B/Lee/40 NA provided in trans support
ulticycle replication of NWS-Mvi?
NWS-Mvi is derived from the parent NWS-G70c virus;
ence, it is not surprising that G70c N9 NA supplied in
rans can support its multicycle growth. To determine
hether a type B NA (B/Lee/40) can substitute for the
ack of NA in NWS-Mvi virus, MDCK cells expressing
/Lee/40 NA were infected with NWS-Mvi and growth of
he virus was monitored by development of cpe (Fig. 4d)
nd HA titrations (Table 1). Virus growth was seen in the
resence of cell-expressed B/Lee/40 NA, indicating that
he enzyme activity of type B NA provided in trans is
ufficient to promote multicycle growth of NWS-Mvi. Lack
f virus growth in the presence of anti-B/Lee/40 NA
ntiserum confirms that this NA is being utilized for the
pread of NWS-Mvi virus to new cells.
Thus, both N9 NA and B/Lee/40 NA support the growth
FIG. 2. (A) NA activity assay. MDCK cells were transfected with N9
A, B/Lee/40 NA, or chimeric A/B NAs cloned in pCAGGS/MCS. At 20 h
osttransfection the growth medium was removed and 150 ml of
aMg–saline with 150 ml of 0.1 M sodium acetate buffer (pH 6) was
dded. This reaction was incubated with 20 ml of 1 mM MUN substrate
t 37°C for 1 h after which the reaction was stopped by adding
lycine/NaOH (pH 11) and the fluorescence of the liberated product
as determined. A plot of fluorescence of sample minus fluorescence
f blank (F 2 F0) for the different NA clones is shown. pCAGGS/MCS is
he vector control. For the N9/B chimeric clones, a is anchor, s is stalk,
nd h is head. (B) Fluorescence-activated flow cytometry. The number
f cells expressing NA after transfection was determined by flow
ytometry. A suspension of MDCK cells expressing NA was treated
ith anti-NA antibodies followed by FITC-labeled secondary antibody
s described under Materials and Methods. a and c are cells trans-
ected with vector only (pCAGGS/MCS), while the rest are cells ex-
ressing the indicated NAs. Samples a and b were reacted with anti-N9
A monoclonal antibody (NC 10), while samples c, d, e, and f were
eacted with a pool of anti-B/Lee/40 NA monoclonal antibodies (B 1, 3,
). All were reacted with anti-mouse FITC-labeled secondary antibody,
ixed with 1% paraformaldehyde, and sorted. The percentage of positive
ells in the gated window (M1) and fluorescence/cell are indicated in
he inset.f NWS-Mvi, suggesting that these enzymes function
268 GHATE AND AIRFIG. 2—Continued
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269INTERCHANGEABLE INFLUENZA TYPE A AND B NEURAMINIDASESimilarly in virus growth in tissue culture in spite of nearly
0% difference in amino acid sequences.
9/B chimeric NA supports the growth
f NWS-Mvi virus
The functional substitution of type B NA for that of type
suggests similar enzyme specificities. Thus, the inabil-
ty of our laboratory and others to generate a transfectant
ype A virus containing a type B NA, from a construct
arboring flu A polymerase recognition/promoter se-
uences, could be due to structural differences in the
ytoplasmic, anchor, or stalk domains of the two NA
roteins. To determine whether there is better virus
rowth if the B/Lee/40 NA harbors the anchor and stalk
f N9 NA, we made a chimera containing the cytoplas-
ic, anchor, and stalk domains of N9 NA and the head
omain of B/Lee/40 NA, termed N9(a 1 s)/B(h). This NA
ad good expression in MDCK cells as seen by its NA
ctivity (Fig. 2A), though its activity was not stable over
ime (Fig. 3). It seemed likely that the B/Lee/40 NA might
e more stable with its own stalk. Hence, we made
nother chimera, this time replacing the stalk of N9 NA
ith that of B/Lee/40 NA, retaining only the cytoplasmic
ail and anchor of N9 NA, termed N9(a)/B(s 1 h). Its NA
ctivity (Fig. 2A) and expression with time (Fig. 3) indicate
etter stability of this chimera. MDCK cells expressing
hese chimeric NAs were infected with NWS-Mvi and the
bility of these cells to support virus growth is shown in
ig. 5 and Table 2. The addition of anti-B/Lee/40 NA
ntiserum to the infection medium prevented growth of
he virus, indicating that the enzyme activity of the
/Lee/40 NA head domain promotes multicycle replica-
ion of the virus. The yields of virus were higher from
9(a)/B(s 1 h) NA-expressing cells, perhaps due to bet-
FIG. 3. Time course of NA expression. MDCK cells transfected wit
xpression by activity assays (F 2 F0) at different times posttransfectier stability of this NA compared to the wild-type t/Lee/40 NA and the N9(a 1 s)/B(h) NA. It is also pos-
ible that the N9 NA cytoplasmic and/or anchor domains
resent in the chimera assist in virion incorporation of
his NA facilitating higher virus output compared to that
btained using wild-type B/Lee/40 NA.
s the cell-expressed N9 NA incorporated into virions
f NWS-Mvi?
In polarized epithelial cells, such as MDCK, influenza
irus buds selectively from the apical domain of the
lasma membrane which is the site of insertion of the
iral glycoproteins. Progeny viruses do not contain the
oding information for NA, but the NA protein could be
ncorporated into the virion as the virus buds out from
A-expressing cells. To determine whether the NA sup-
lied in trans is incorporated in NWS-Mvi virus, cells
xpressing N9 NA were infected with NWS-Mvi at a high
ultiplicity of infection (about 10) to detect NA activity of
he virus obtained in a single round of infection, although
sing an m.o.i. of 0.01 gave similar results after multiple
ycles. The virus was purified by sucrose gradient cen-
rifugation. Fractions were collected (four drops: about
00 ml) from the bottom of the tube and assayed for the
resence of NA (NA activity) and for the presence of virus
HA titration). Figure 6 shows HA titers and the corre-
ponding NA activities of the fractions of the gradient
hen NWS-Mvi was grown in the presence of either Mvi
A or cell-expressed N9 NA. There was no virus-asso-
iated NA activity (Fig. 6A) when NWS-Mvi was grown in
he presence of Mvi NA added to the medium, as was
oted previously (Liu and Air, 1993). The parental virus
WS-G70c showed a peak of NA enzyme activity in
ractions that contained virus (Fig. 6B). To test if mem-
rane fragments of cells expressing NA were present
GS/MCS-NA wild-type and chimeric clones were monitored for NAh pCAGhroughout the gradient, we performed the following re-
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270 GHATE AND AIRonstitution experiment. MDCK cells expressing N9 NA
ere trypsinized and sonicated. This was combined with
WS-Mvi that was grown in the presence of Mvi NA. The
ombined cell supernatant was centrifuged at 3000 rpm
or 10 min and loaded on the sucrose gradient. Fractions
ollected were tested for NA activity as well as HA titers.
FIG. 4. Complementation of NWS-Mvi by N9 or B NA supplied in tran
ytopathic effects up to 72 h postinfection. a and b are control experim
edium (b). N9 NA- (c) or B/Lee/40 NA- (d) expressing cells were infe
T
Time Course of Growth of
Cell-expressed NA Virus
NA in
infection
medium
A
infe
N9 NA NWS-Mvi No
N9 NA NWS-Mvi No A
B/Lee/40 NA NWS-Mvi No
B/Lee/40 NA NWS-Mvi No Anti
Vector only NWS-Mvi No
No DNA NWS-Mvi Mvi NAegligible NA activity was detected in HA-positive frac-
ions (Fig. 6C), indicating that the membrane-associated
A activity does not nonspecifically associate or copurify
ith the virus. Almost all the NA activity was found at the
op of the gradient, as expected for membrane-associ-
ted NA after sonication. NWS-Mvi grown in the pres-
wth of NWS-Mvi in MDCK cells was monitored by the development of
lls infected with NWS-Mvi and no NA (a) or with Mvi NA added to the
ith NWS-Mvi as described under Materials and Methods.
vi in Cells Expressing NA
m in
edium
HA titers at times postinfection (HAU/50 ml)
18 (h) 40 (h) 70 (h) 90 (h)
2 4 16 32
NA ,2 ,2 ,2 ,2
,2 ,2 2 4
40 NA ,2 ,2 ,2 ,2
,2 ,2 ,2 ,2
2 128 .128 128s. Gro
ents: ceABLE 1
NWS-M
ntiseru
ction m
No
nti-N9
No
-B/Lee/
No
No
i
o
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271INTERCHANGEABLE INFLUENZA TYPE A AND B NEURAMINIDASESFIG. 5. Complementation of NWS-Mvi by N9/B chimeric NAs supplied in trans. B/Lee/40 NA or chimeric N9/B NAs expressing MDCK cells were
nfected with NWS-Mvi and the development of cpe was followed up to 72 h postinfection. Photographs taken 40 h postinfection are shown. Growth
f NWS-Mvi in cells expressing B/Lee/40 NA without (a) or with (b) anti-B/Lee/40 NA antiserum in the medium. Growth of NWS-Mvi in cells expressing
9(a)/B(s 1 h) NA without (c) or with (d) anti-B/Lee/40 NA antiserum in the medium. Growth of NWS-Mvi in cells expressing N9(a 1 s)/B(h) NA without
e) or with (f) anti-B/Lee/40 NA antiserum in the medium. Growth of NWS-Mvi in cells not expressing NA, with no Mvi NA in medium (g) and with Mvi
n medium (h).
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272 GHATE AND AIRnce of N9 NA was similarly purified by sucrose gradient
entrifugation and the presence of virus in the different
ractions was tested by HA titrations. Presence of NA in
he fractions was determined by NA activity assays (Fig.
D). A peak of NA activity was seen in the fraction with
aximum HA. We next wanted to confirm that the HA
iters obtained correlated with the presence of virus.
nfectivity assays were performed on the gradient frac-
ions with and without Mvi NA added to the medium.
irus only grew in the presence of Mvi NA (Fig. 6E).
resence of peak NA activity, maximum HA titer, and
aximum infectious particles in the same fraction is
ndicative of incorporation of the NA protein into the
irion. Correlating the HA titers to NA activities, virion
ssociation of the cell-expressed N9 NA is comparable
o that obtained using egg-grown G70c virus.
an flu B NA protein be incorporated into virions?
MDCK cells expressing B/Lee/40 NA protein were
nfected with NWS-Mvi and the virus was purified as
efore and layered on 10–40% sucrose gradients. Frac-
ions were collected and tested for both NA and HA (Fig.
A). A peak of NA activity was seen in fractions with
aximum HA, indicating virion association of the type B
A protein. Thus, in parallel with our previous argument,
his virus-associated NA activity is likely to be from the
/Lee/40 NA protein incorporated in the virion. We next
etermined whether the efficiency of virion association
f cell-expressed type B NA protein is altered by provid-
ng the cytoplasmic and membrane anchor domains or
ytoplasmic, membrane anchor, and stalk domains of flu
ype A NA, as cytoplasmic domains of NA have been
mplicated in assembly and packaging of NA in the
irion. Virus was purified from cells infected with NWS-
vi virus and expressing either the N9(a 1 s)/B(h) NA or
he N9(a)/B(s 1 h) NA. Gradient fractions were tested for
he presence of HA and NA. Figures 7B and 7C show that
roviding the cytoplasmic and anchor domains or the
ytoplasmic, anchor, and stalk domains of N9 NA did not
T
Support of Growth of NWS-Mvi in MDCK Ce
ell expressed NA Virus
NA in infection
medium
B/Lee/40 NA NWS-Mvi No
B/Lee/40 NA NWS-Mvi No
N9(a)/B(s1h) NA NWS-Mvi No
N9(a)/B(s1h) NA NWS-Mvi No
N9(a1s)/B(h) NA NWS-Mvi No
N9(a1s)/B(h) NA NWS-Mvi No
Vector only NWS-Mvi No
No DNA NWS-Mvi Mvi NAncrease efficiency of virion association of B NA protein. jhe virus grown in the presence of N9(a 1 s)/B(h) NA
ad low virion-associated NA activity perhaps due to the
nstability of this chimeric protein, noted earlier (Fig. 3).
hus, if the membrane-bound NA protein is indeed in-
orporated in the virus as it buds out, then providing N9
ytoplasmic and anchor domains to type B heads, in
9(a)/B(s 1 h) NA, did not noticeably increase efficiency
f virion incorporation of cell-expressed NA over that of
/Lee/40 NA but viral yields were higher after multicycle
rowth.
DISCUSSION
Genotypic mixing between type A and B viruses does
ot occur. Differences at the RNA or protein level could
e responsible for this restriction. The signals for RNA
eplication and transcription are different for type A and
viruses, and the lack of forming an A/B NA reassortant
irus could be due to problems with polymerase recog-
ition, binding, or initiation. However, our experiments in
hich the terminal sequences of flu type A NA RNA
egment, attached to a type B NA coding region, failed to
escue the type B NA in an influenza A virus raised the
ossibility that the protein or its activity is incompatible
etween the two virus types.
In this paper we have tested whether the lack of
orming A/B NA reassortants is due to differences at the
rotein level. Structurally, a NA monomer is made of four
omains—a short (6 amino acids) highly conserved cy-
oplasmic domain, a combined signal–anchor hydropho-
ic domain, a stalk of variable length (between 29 and 45
esidues), and a globular head carrying the antigenic
ites and catalytic center (reviewed in Air and Laver,
989). NA-deficient mutant viruses were obtained by pas-
aging NWS-G70c in the presence of Mvi NA and anti-
erum against the influenza NA. Growth of the resulting
utants was dependent on the addition of Mvi NA to the
edium (Liu and Air, 1993). The mutants were charac-
erized by sequencing and all had a massive internal
eletion in the NA gene segment (Yang et al., 1997). The
ressing Type B or Type A/B Chimeric NAs
erum in
ctious
dium
HA titers at times postinfection (HAU/50 ml)
16 (h) 40 (h) 64 (h) 88 (h)
No ,2 4 8 8
ee/40 NA ,2 ,2 ,2 ,2
No ,2 16 16–32 16–32
ee/40 NA ,2 ,2 ,2 ,2
No ,2 4 4–8 8
ee/40 NA ,2 ,2 ,2 ,2
No ,2 ,2 ,2 ,2
No 8 64 32–64 16–32ABLE 2
lls Exp
Antis
infe
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Anti-B/L
Anti-B/L
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273INTERCHANGEABLE INFLUENZA TYPE A AND B NEURAMINIDASESutants but all retained at least 185 nucleotides at the 39
nd (mRNA sense). The residual NA gene also main-
ained at least 101 nucleotides at the 59 end. This results
n retention of coding capacity of the N-terminal cytoplas-
ic and anchor domains, which then terminate due to a
hift in the reading frame (11) at the 39 side of the
eletion. The retained 59 and 39 regions were proposed
o be important either for packaging the RNA segment
nto the virus or for coding a short polypeptide which had
ome function in the viral life cycle, though no peptide
as detected using Western blots or immunoprecipita-
FIG. 6. Association of N9 NA with NWS-Mvi. (A) NWS-Mvi obtained
A was purified by sucrose gradient centrifugation. Fifty microliters of
AU). (B) NWS-G70c grown in MDCK cells was purified by sucrose gra
A titrations and NA activity assays. (C) MDCK cells expressing N9 NA
irus grown in the presence of Mvi NA, followed by gradient purificatio
s not fortuitous. (D and E) NWS-Mvi grown in the presence of cell-expre
or the presence of virus (HAU) and presence of NA (F 2 F0). Infectivity
hereof on MDCK cells in the presence of Mvi NA and determining viru
ractions that showed virus growth is presented.ions (Yang et al., 1997). wWe made N9/B NA chimeras incorporating the entire
9 and 59 terminal sequences retained in NWS-Mvi (Fig.
), but were unable to rescue these chimeric NAs into
WS-Mvi using the reverse genetics system. This could
e due to the inherent inefficiency of the rescue system
r due to differences in the NA protein of the two viruses.
here are two levels of selection that could be opera-
ional at the protein level—differences in NA function
nd/or differences in the virion incorporation signals for
ype A and B NA proteins. To answer these questions we
irst used a complementation technique to determine
gle round of infection from MDCK cells grown in the presence of Mvi
action was assayed by NA activity (F 2 F0) and HA titration (HA units,
entrifugation and each fraction was tested for the presence of virus by
ypsinized and sonicated. Mix of NA from sonicated cells and NWS-Mvi
e mixed sample, demonstrating that cosedimentation of virus and NA
9 NA was purified on a sucrose gradient and each fraction was tested
s were performed by passaging 1 ml of gradient fraction and dilutions
th by HA titrations (HAU). A plot of the highest dilution of the gradientin a sin
each fr
dient c
were tr
n of th
ssed N
assay
s growhether transiently expressed N9 NA in MDCK cells can
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274 GHATE AND AIRupport growth of NWS-Mvi. As shown in Fig. 4 and
able 1, cell-expressed N9 NA can support multicycle
eplication of NWS-Mvi virus. Growth of NWS-Mvi in cells
xpressing B/Lee/40 NA was also observed. Thus, the
unction of the active site in the head region in promoting
irus growth is similar in both type A and B NAs.
To determine whether the cytoplasmic, anchor, and
talk domains of N9 NA can substitute for those of type
NA, we made N9/B NA chimeras (Fig. 1). Results
FIG. 7. Association of B NA and chimeric N9/B NA with NWS-Mvi.
WS-Mvi was purified from a single round of infection from cells
xpressing (A) B/Lee/40 NA, (B) N9(a)/B(s 1 h) NA, or (C) N9(a 1 s)/B(h)
A. Gradient fractions were tested for presence of virus by HA titrations
HAU) and for presence of NA (F 2 F0). Representative experiments are
hown.epicted in Fig. 5 and Table 2 indicate that plasmid- rxpressed N9/B chimeric NAs can support multicycle
rowth of NWS-Mvi. The N9(a)/B(s 1 h) chimeric NA had
etter stability and supported higher virus yields com-
ared to N9(a 1 s)/B(h) NA or B/Lee/40 NA (Fig. 3 and
able 2), although comparable yields were obtained after
single infection cycle using high input virus (Figs. 7A
nd 7B). Thus, in spite of large sequence differences, the
ytoplasmic, anchor, and head domains and to a large
xtent the stalk domain are interchangeable in type A
nd B NAs.
We next determined whether the type B NA can be
ackaged in a type A virus. The cytoplasmic tails of NA
ave been implicated in harboring signals for NA pack-
ging. Reverse genetics experiments using a tail-minus
A mutant showed 65% incorporation of the protein in
he virion compared to the wild type (Garcı´a-Sastre and
alese, 1995), although only 14% incorporation was ob-
erved by another group (Mitnaul et al., 1996). The im-
ortance of this six-amino-acid domain in the virus life
ycle remains controversial. The cytoplasmic domains of
ype A and B NAs are similar, even though there are only
wo amino acids (out of six) that are identical. When the
ytoplasmic domain of flu type A NA was mutated to
ake it look like type B NA, this mutant NA could still be
escued in a flu A virus, though the amount of virion-
ncorporated NA was less than in the wild-type virus
Bilsel et al., 1993). Recent studies generating transfec-
ant viruses that had cytoplasmic tails deleted showed
longated rather than spherical virions (Mitnaul et al.,
996). This change in morphology was attributed to loss
f the tail, but this could also be due to low NA incorpo-
ation in the virion. No difference in morphology was
bserved in NWS-Mvi compared to NWS-G70c viruses
Liu et al., 1995), though there is no evidence that the
runcated tail and anchor regions are present in the
WS-Mvi virions (Yang et al., 1997).
Studies with NWS-Mvi have shown that NA activity
upplied in the medium is sufficient to promote multi-
ycle replication of the virus; thus, there is no require-
ent for NA to be packaged in the virion (Liu and Air,
993). In fact, the virus can undergo a single round of
eplication without requiring any NA activity, but the
rogeny virions aggregate and require NA enzymatic
ctivity to disaggregate in order to infect new cells. As
he NA protein in our system is expressed indepen-
ently of the virus, we wanted to determine whether
he cell-expressed influenza NA goes through the ap-
ropriate transport pathway for incorporation into the
irion during budding and whether there would be any
ifference in type A and B NAs. Thus, we tested the
bility of cell-expressed N9 NA or B/Lee/40 NA to be
ncorporated in the virion in a single round of replica-
ion. MDCK cells are difficult to transfect, so in the
ransient expression system only 16–30% of the cells
xpress NA (Fig. 2B), and the low amount of viruseleased presents difficulties in detecting virion-incor-
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275INTERCHANGEABLE INFLUENZA TYPE A AND B NEURAMINIDASESorated NA. A virus particle can infect a cell not
xpressing NA but on budding these virus particles
ill aggregate as shown with NWS-Mvi grown without
ny exogenous NA (Liu et al., 1995). Hence, obtaining
measurable virus output is dependent on the effi-
iency of transfection. To avoid generating defective
irus we also used lower input virus per cell and
ested for virion association of NA activity after multi-
le rounds of replication. The results did not differ
rom the single-round experiment using higher input
irus.
Virus grown in the presence of Mvi NA showed no
ssociation of NA activity with virus in sucrose gradi-
nt fractions (Fig. 6A). Virus purified from cells ex-
ressing either N9 or B/Lee/40 NA showed associa-
ion of NA activity with the virion (Figs. 6D and 6E and
ig. 7A). As the membrane-bound NA does not non-
pecifically associate with the virus (Fig. 6C), the vi-
ion-associated NA activity is likely to be the result of
ncorporation of NA protein into the virion. Thus, our
esults indicate that NWS-Mvi virus is able to incorpo-
ate either type A (N9) NA or B/Lee/40 NA protein into
ts virion. This suggests not only that the cell-ex-
ressed N9 or B/Lee/40 NA proteins are appropriately
ocated in the cell for virion incorporation, but also that
here are no sequence-specific signals required for
A to associate with other viral components. Providing
ytoplasmic and anchor domains of N9 NA did not
ncrease virion association of type B NA (Figs. 7B and
C), further confirming that there are no sequence-
pecific signals required for NA packaging. The low
A activity of N9(a 1 s)/B(h) NA in fractions with virus
Fig. 7C) suggests that the instability of this chimeric
A causes reduced association with the virion. Thus,
he cytoplasmic, anchor, and head domains are inter-
hangeable in type A and B NAs. The function of the
talk domain is unlikely to be different, but it may
ork best with the head domain from the same type
f NA.
Thus, at least in tissue culture, we did not detect any
unctional differences in the domains of type A and B
As. Moreover, if there are signals for virion incorpora-
ion, they must be similar to or compatible for type A and
NAs. The inability of forming an A/B NA reassortant is
herefore unlikely to be due to differences in function or
ackaging of the NA protein. It is possible that selection
s, after all, at the level of RNA. The report of rescuing a
lu type A NA with B NS end regions but not with the end
egions from B NA (Muster et al., 1991) suggests that
ifferences may exist in the packaging signals for indi-
idual vRNAs. The lengths of the terminal noncoding
egions of individual segments of flu A and B vRNAs
iffer and may contain structural information for specific
RNA packaging of the eight segments. SMATERIALS AND METHODS
iruses, cells, and antibodies
The influenza viruses used in this study were A/NWS/
3HA-tern/Australia/G70c/75NA (NWS-G70c, H1N9); NWS-
vi (a mutant with most of the NA gene segment deleted,
erived from the parent NWS-G70c) has been described
reviously (Liu and Air, 1993). Viruses were grown in
adin–Darby canine kidney (MDCK) cells (ATCC) in
MEM:Ham’s F12 (1:1) medium with ITS1 (Collaborative
esearch) as previously described (Liu et al., 1995). A
oat antiserum generated against B/Lee/40 NA was a
ift from Dr. Robert Webster (St. Jude Children’s Re-
earch Hospital, Memphis, TN), and a rabbit antiserum
gainst G70c NA was generously provided by Dr.
raeme Laver. Monoclonal antibodies NC10 against N9
A (Webster et al., 1987) and against B/Lee/40 NA (B 1,
, 6) have been described (Air et al., 1990).
lasmid construction
The expression vector used in this study, pCAGGS/
CS, was obtained from Dr. Yoshi Kawaoka. The vector
CAGGS (Niwa et al., 1991) contains a modified chicken
-actin promoter with cytomegalovirus (CMV)-IE en-
ancer sequences, for transient expression in mamma-
ian cells. This vector was modified to include the multi-
le cloning site (MCS) (Park et al., 1998) to make
CAGGS/MCS. The construction of pBluescript vectors
ontaining G70c N9 NA (Nuss and Air, 1991) and
/Lee/40 NA (Ghate and Air, 1998) has been described
efore. The N9 NA gene was subcloned from the vector
Bluescript into pCAGGS/MCS at the SacI–XhoI site,
hile the B/Lee/40 NA gene was subcloned from pBlue-
cript into pCAGGS/MCS at the EcoRI–XhoI site. The
onstruction of chimeric N9/B NAs is shown in Fig. 1:
he 59 and 39 terminal regions retained in NWS-Mvi were
mplified using primers incorporating HindIII sites. G70c
RNA was used as template. These PCR fragments were
igested with HindIII ligated and cloned in a pUC19
lasmid which had its HindIII site deleted, at the BamHI–
alI site. The stalk and head region of B/Lee/40 NA or
ust the head part was cloned at the HindIII site. Thus,
wo chimeric clones were made: one with N9(anchor 1
talk)/B(head) and another with N9(anchor)/B(stalk 1
ead). Subcloning into the expression vector pCAGGS/
CS (SacI–XhoI site) was done by PCR cloning. The
himeric N9-B/Lee/40 NA genes from the pUC19 clones
ere PCR amplified using the primers SacI-N9NA1, 59-
TGAGCTCAGCAAAAGCAGGG-39; and XhoI-N9NA-39,
9-ATCTCGAGAGTAGATACAAGGG-39. The PCR condi-
ions used were denaturation at 94°C for 1 min, anneal-
ng at 40°C for 1 min, and extension at 72°C for 2 min
ith cycling 34 times. The PCR products were gel puri-
ied, digested with SacI and XhoI, and then cloned at the
acI–XhoI site of pCAGGS/MCS. These clones were
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276 GHATE AND AIRermed N9(a 1 s)/B(h)-pCAGGS/MCS and N9(a)/B(s 1
)-pCAGGS/MCS. The sequences of these clones were
onfirmed using an ABI PRISM dye-terminator cycle se-
uencing kit (Perkin–Elmer, Applied Biosystems Inc.).
ransient expression of NA in MDCK cells
A 35-mm dish of almost confluent MDCK cells was
ransfected with 3 mg NA-pCAGGS/MCS DNA using Li-
ofectamine (Life Technologies Inc.). At about 5 h post-
ransfection, the medium was replaced by OPTI-MEM
Life Technologies Inc.) with 10% SCS. NA expression
as monitored by its enzyme activity.
A activity assays
Transfected MDCK cell monolayers were directly as-
ayed for NA activity at pH 6.0, as previously described
Ghate and Air, 1998), at 37°C for 1 h, using a fluorescent
ubstrate, 29-(4-methylumbelliferyl)-a-D-N-acetyl neura-
inic acid (MUN, final concentration 0.067 mM). The
eaction was stopped by adding 0.2 M glycine/NaOH (pH
1) and the fluorescence of the liberated product 4-meth-
lumbelliferone was measured (lex 5 365 nm, lem 5 450
m). To determine the stability of the expressed NA, cells
xpressing NA were assayed for NA activity up to 70 h
osttransfection. For virus, the assays were performed in
100-ml reaction using 10 ml of 1 mM MUN and the
eaction was incubated at 37°C for 2 h, after which the
eaction was stopped and the fluorescence of the liber-
ted product determined.
luorescence-activated flow cytometry
Transfection efficiencies were determined by monitor-
ng surface expression of NA using FACS analysis
Ghate and Air, 1998). Briefly, at 20 h posttransfection, the
ells were trypsinized under conditions such that NA is
ot cleaved and resuspended in growth medium. The
ells in suspension were washed with PBS and reacted
ith either anti-N9 NA monoclonal antibody (NC10) or a
/Lee/40 NA monoclonal antibody pool (B 1, 3, 6) for 30
in at room temperature. Reaction with fluorescein iso-
hiocyanate (FITC)-labeled anti-mouse Ig (Southern Bio-
echnology Associates Inc.) was carried out at room
emperature for 30 min for detection. The samples were
ixed with 1% paraformaldehyde at 4°C and analyzed
sing a FACStarPlus flow cytometer (Becton–Dickinson
mmunocytometry Systems).
nfection with NWS-Mvi
NA-expressing cells were infected at about 20 h post-
ransfection with NWS-Mvi diluted in CaMg–PBS (PBS
ontaining 0.9 mM CaCl2 and 0.5 mM MgCl2). After in-
ubation for 30 min at room temperature the unadsorbed
irus was aspirated and infection medium with or without
nti-N9 NA or anti-B/Lee/40 NA antiserum and with 0.5 Bg of trypsin per milliliter was added to the cells (Liu and
ir, 1993). Cytopathic effects were monitored up to 72 h
ostinfection and virus growth was followed by HA titra-
ions. NWS-Mvi needs exogenous NA for growth. A plate
f NWS-Mvi-infected cells with 0.5 mg/ml trypsin and 2
units/ml NA from M. viridifaciens in the infection me-
ium was included as control for virus growth.
haracterization of progeny virus
MDCK cells in 35-mm dishes were transfected with 3
g of pCAGGS/MCS-NA DNA [N9 NA, B/Lee/40 NA,
9(a)/B(s 1 h) NA or N9(a 1 s)/B(h) NA]. At about 20 h
osttransfection, NA expression was confirmed by activ-
ty assay and the cells were infected with NWS-Mvi
m.o.i. 5 10 particles/cell). At about 20 h postinfection,
he medium was harvested and cell debris removed by
entrifuging at 3000 rpm for 10 min in a Beckman GPR
abletop centrifuge. The virus was then pelleted from the
upernatant by centrifugation in a Beckman TLS-55 rotor
t 50,000 rpm for 1 h at 4°C. The virus pellet was
esuspended in CaMg–saline (0.8 mM MgCl2, 0.2 mM
aCl2, 0.15 M NaCl) and layered on top of a 2.0-ml
0–40% continuous sucrose gradient. The gradient was
entrifuged in a TLS-55 rotor at 35,000 rpm for 15 min at
°C in a Beckman TL-100 ultracentrifuge, and 200-ml
ractions were collected from the bottom of the tube.
ach fraction was assayed for the presence of NA (by
easuring NA activity) and virus (by measuring HA titer
nd/or infectivity assays). Infectivity assays involve serial
0-fold dilutions of 1 ml of the gradient fractions in a
4-well plate of MDCK cells and determining the last well
ith virus growth by HA titrations. To determine fraction-
tion of membrane fragments in the gradient, cells ex-
ressing N9 NA were trypsinized and sonicated. The
embrane fragments were loaded on a sucrose gradient
s before and fractions (200 ml) collected from the bot-
om of the tube were assayed for NA activity.
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